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I. Introduction

This final report summarizes the  work performed uilder Contract

No. F19628-78-C-0206 which the Electronic Systems Division of the

Air Force Systems Command granted to the EMtec Engineering , Inc .

Los Angeles , California. The work was begun in August , 1978 and

completed in August , 1979.

The major objectives of this R ~ D study were to perform

theoretical and nuiaerical analysis of multimode fiber optic components.

Specifically , the following multimode components were studied: (a)

Dual Fibe~r Couplers , (b) Fiber Tapers , (c) Fiber Horns and Branching

Waveguides , and Cd) Mode Converters. In the following we shall

first present some background information on this subject and then

our mathematical approach will be delineated. In Section III

selected results of our study are then summarized. Finally, the

concluding remarks and recommendations for future work will be

given in Section IV. Listings of the important computer programs

that we developed are also included in the Appendix .

II. Background and The Mathematical Approach

There are currently strong trends in system design to~-iard

microminiaturization digital processing and system level integra-

tion in order to achieve smaller size , weight , and power consump-

tion , along with lower cost and improved reliability. These trends

naturally point to data bus multip lexing , i.e., the interconnection

of a number of spatially distributed terminals via fiber optic

waveguides cables. The key component for any fiber data bus system

is the fiber coupler. Since multimode singlestrand fiber is used as

- 3 -  
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a communicat ion  l i n k  in a data bus system , multiinode fiber couplers

must be designed and used .

To design any coupler properly for a multimode single fiber

data bus system , detailed analysis of waveguide propagation must

be carried out . Existing techniques based on the finite elements

method ,1 the coupled mode theory,2 or the geometrical optics method3

are usually inadequate . (Detailed discussions have been included in

a review paper which would appear shortly4.) Although the finite

elements method is a very powerful approach when dealing with single-

mode fibers or coup lers , it is very inefficient and costly (in term s

of computer  t ime)  to obtain any results for multimode structures.

Simi lar ly ,  coupled mode theory has been used quite successfully in

predicting the coup ling efficiencies of single-mode structures , but

cannot be used for multimode structures. Although the geometrical

optics method using the ray-tracing technique may yield zero-order

results for multimode structures , it is too crude to predict the

wave behavior of light signals in couplers. Recently, Arn ard 5

developed a technique based on the Cook adiabatic coupler principle6

to treat the multimode coupler problem . He claims that “it may be

used to couple two optical fibers because the dimensions are not

critical; only slowness is required”. Our technique , given below ,

will provide more accurate results because it does not involve making

a priori assumptions on the relevance of the dimensions of the

structure and the slowness of the coupling . Furthermore , this

techni que may be used to study mode conversion effects due to the

nonuniform distribution of dielectric material withint the guided

structure .

It is noted that analysis based on the scalar wave approxima-

L 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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tion has been very successful in predicting the properties of many

optical devices whose characteristic dimensions are on the order of

many wavelengths. The sca].ar wave approach is therefore preferred .

We have developed an efficient numerical technique based on the

scala-i’ wave equations to solve problems dealing with multimode
I

couplers .

It is well known that solving the exact electromagnetic

equations for a spatially inhomogeneous medium is a formidable

problem. Multiutode couplers and mode converters can be approxi-

mated by structures with a spatially nonuniform dielectric medium .

Fortunately, there are some approximations that can be made to

simplify this task. First, the light wavelengths of interest are

much shorter than the inhomogeneity scale length. This enables

us to neglect polarization effects. Hence, the optical field can

be derived from a scalar u(x,z) that satisfied the reduced wave

equation 7

- 2 2 2
- 

[V + k n (x , z) 1  n (% , z) 0 , (1)

where k is the wavenumber 2ir/A , A is the laser wavelength, and

n(x,z) is the spatially inhomogeneous refractive index of the

medium. Second, if we write u as the product of a factor e1
~~~oZ

that accounts for the rapi, d change in the phase of u along the

direction cf propagation and a complex amplitude A (x , z) ,  a further

simplification, of the calculational problem results:

[iZkn .~~~+V~ +1c2(nZ(x,z) - n~)] 
A(x,z) (2)

where V~ is the transverse Laplacian + and no is a

- 5 -
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given constant which represents the refractive index of some uni-

form medium . At laser wavelengths , the complex amplitude A (x)

varies much more rapidly transverse to the direction of propaga tion

than it does along the direction of propagation. This enables

us to make the paraxial approximation and neglect the term on

the right side of Eq. (2) (in the Russian literature this is called

the parabolic approximation). So, the complex amplitude now satis—

— fiea

i2kn - -

~~~~

- + .-?_.
~L
. + —i + k (~ (x , z) - ~0) 

- 

A(x , z) = 0 . (3)

In addition to Eq. (3), the complex amplitude satisfies an initial

condition on the fiber end; at z = 0,

A(x,O) u(x,O) (4)

and the boundary condition is

A(-foc., z ) = O  ‘ (5)

1f a trun:ated guassian beam is focused on one end of the optical

guide, then

u (x,y,o) = u0 exp(-r 1w ) for 0 — r ~ b

(6)

for r > b

where r2 = x2 + y2 , w is the spot size of the beam, and b is the

radius of the truncated beam at z = 0. -

We have solved Eq. (3) numerically in the following manner.

Let us write A(x ,z) in the form

A(x,z) = exp[r(x ,z ) ]  v(x ,z) , 
(7)

where r(x,z) is a phase function associated wi th the medium irthoiflO ’

‘
1 - 6 -

— .— ~~- -



~~~~~~~~~~~~~~~~~~~~~~~~ 
- -- 

—~— - ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- — ‘ - ‘--—--—-- - -

geneitieS

rz
i k I  12  , 21 -r(x, z) (x ,y , z )  - n0j dz’ -

- 

- (8)

The modified complex amplitude v (x,z) then satisfies the equation

i2kn -i-- v(x , z) + e~~~ v~.. [e 1’ 
v(x, z)] 0 . (9)

Although Eq. (9 )  does not look any easier to solve than Eq. (3) , it

is easier to solve numerically because, for sufficiently small

increments in the z direction and an appropriately chosen lower

limit in the integral in Eq. (8), the value of v(x,y,z + Az) can

be obtained to a good approximation by solving the simpler equation

{i2kn .~ !_. + V~~.] v(x, z) = (10)

with the initial condition

v(x,y,0) u(x,y,0) . (II)

Physically, these equations approxi~~ate the propagation in the

inhornogerteous medium by a two—step process at each z increment.

First, we propagate the fie~.d u(x,z) at z to z + Az assuming that

the intervening space is homogeneous . The effect of the inhomo—

geneities between z and- z + Az is then accounted for by multiply—- -

ing this solution by the phase factor expr.

In this research we have solved Eq. (10) by the fast Fourier

transform technique . Replacing the Laplacian by its f ini te

difference equivalent but still retaining the z derviative, the

solution of Eq. (10) can be expressed in the form

v(m , ii , z) V(m ’, xi’, z) exp{!~ L(mm ’ + Lin t)] , (12)

1-ri ’ n ’=O

- 7 -
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where x = mAx , y = nAx , and V (m’, n ’,z) satisfy

[iZkn -
~~~

— + 1(m ’, 
~
‘
~
} V(m’, n’, z) = 0 (13)

— I ~~ (~ x)- J

with the initial conditions

N-i
1~~~~~~~~

,
V(rn ’,n’, z.) __I>

,>~~
v(m,n, z.) exp[r’(rn,n, z.)J

m, n 0

(14)
r i2uexp j - —

~y- Cm ’ m + n’ xi) . -

The function f (m ’,n’) is determined by the difference approximation

used to represent the Laplacian in Eq. (10). For example, if V~v

is approximated by the simple central difference expression

V~~v = 
- 

~~ 

2 [v(m + i , n , z) — Zv(rn,n,z)
(I~ix)

+ v(rn — 1 , n, z) + v(rn,n + I , z) (15)

— Zv(z’n , n, z) + v(m, xi -. 1, z}].

then f (m ’,n ’) is . 
- -

fCm ’,n’) = _4 [Sifl2 (~~~it) + s iri2( !f t~.)] (16)

Note that the series in Eq. (12) is simply the discrete

Fourier tran sform of the function V(m ’,n’,z ) ,  and thus can be

evaluated numerically for a given V(m ’,n ’,z) by a fast Fourier

transform algorithm. Furthermore, the function V(m ’,n’,z) is

readily determined from Eq. (13) as

r-ifc m’, n ’)
V(m ’, n’, z) V(m’, n’z.) exp L

2 (ax) no 
(~

_z
~~ 

, 
(17)

- 8 -

— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -~~-~~ -- . --~-- ~~~~~~~~~~~~~~~~~~~ -~~~~—----—— -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - - -~~ -— ~~~~~~~~~~~~~ -~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



________________________ - ~~~- “ ~~~~~ “. ~~=- -—‘=-~~~ - —~—~~‘

where V (m ’ ,n ’ , z1) is given by the series in Eq. (14), which can

also be eva luated by a fast Fourier transform algorithm. To

summarize, we will step from z to z 4- A z as follows: (1) take the

inverse discrete Fourier transform of u(m,n,z) = [exp r(m,n,z)]

v(m,n,z) by means of an inverse fast Fourier transform algorithm;

( 2 )  multiply the result by exp [—if (m ’,n’)Az/2k(Ax)2n01 and take

the discrete Fourier transform with a fast Fourier transform

algorithm; and (3) multiply the result by exp (r(m,n,z + A z ) ]  to yield

u (ti , n, z + Az). This process is repeated until we have reached the

desired z plane .

Using  th i s  a lgo r i t hm we have been successful  in obtaining many

meaningful results for various multimode structures. These results

are summarized in the following section .

I I I  Mult imode Fiber Components

Before we proceed with the presentation of the numerical results ,

it should be recalled that we are dealing completely with total field

quant i t ies  and not with the modes. In other words , we are interested

in how the total field evolves as it propagates down the guiding

structure ; we are not interested in how each mode propagates . Never-

theless , it is recognized that the total field may be decomposed into

a set of orthonorinal guided modes. For example , an incident Gaussian

beam with a given beamwidth w may excite many modes in a parabolic-

i n d e x - p r o f i le f ibe r  when a >1 or when ct<l wi th

a = (2Xa)/[rrnaw
2(21S)1 #12]

or may excite only one mode when a = 1. Only the a = 1 single mode

will propagate down the parabolic-index-profile guide without experi-

encing the focusing and defocusing effects . For a j~ 1 cases , the



input Gaussian beam will experience focusing and defocusing effects.

Another way to interpret the above phenomenon is that multimodes

w i t h  d i f f e r e n t  propagat ion  constants  are excited by the input beam

when a ~ 1, whi le  only single mode is excited when a. = 1. The

stronger  are the  focus ing-defocus ing  e f f ec t s , the hi gher is the

content  of different modes.

(a) Dual Fiber  Couplers

The geometry of a multimode inhomogeneous fiber coupler is

shown in Fig. 1. Two graded-index fibers with index variation given

by

/ r2\

n(r12 ) = 

~a 
( i - ~ 1,2

a~~~ /

where r1 2  are the radial coordinates of 1 and 2 fibers , respec-

tively, and 
~a’ 

5 , a are all known constants , are fused together

as shown. The separation distance between the centers of the

fibers is d. A Gaussian beam representable by

u(x ,y) = u0 exP~~
[
~ (~ + ~) 2~ yz]/wzJ,

where u(x ,y) is the scalar wave funct ion of the beam , and u0, w

are given constants , is incident on one of the fibers . We wish

to learn how this beam evolves as it propagates down the coupled

struc ture . In other words , the coup ling distance and the beam

shape w i l l  be ob tained.

Resu lt s of our investigation on the multimode dual fiber

couplers are shown in Figs. 2-5 . It is seen that if two identical

parabolic-index fibers were placed side by side with each other

- 10 -
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and if the beamwid th  were  so chosen tha t  a = 1 is obtained , one would

expect the guided power to interchange between the two fibers in a

periodic manner with a distinct single coupling length. On the

other hand , if a depar ts from un i ty ,  many modes are generated and

many beat coupling lengths occur , so the guided power will no longer

interchange among the guides in a simple manner. For the cL<<l  or

a>>l case , even larger numbers of modes are excited. Depending upon

how the incident energy is distributed among the excited modes the

back and forth (periodic) power exchange phenomenon could still

pr evail if the major amount of incident energy is distributed in

several low-order modes. Only when the incident energy is distributed

evenly among all modes and only in the limit of infinite number of

modes will the input power be split in a SO-SO manner between the

two f i b e r s .

Sample program listing and printout for the evolution of field

intensities in the two unequal fiber coupler are-g iven in Appendix A.

(h) Fiber Tapers

Fiber tapers have been commonly used to inter-connect two

optical waveguides of different cross-secLional sizes or shapes.

The effects of the transition on the guided fields are shown in

Figs. 6-10. It can be seen that  very profound effects on the

guided f i e ld s  are found . Extensive mode conversion may be present

even for g e n t l y  varying tapers . Samp le printout for the evolution

of f i e l d  intensiters in the presence of the fiber tapers is given

in Appendix B.

(c) Fiber Horns and Branching Waveguides.

Numerical computations to obtain the field behavior in a

- 16 -
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multimode fiber horn structure or in a branching fiber guide have

also been carried out using the similar technique outlined earlier.

The cross-sectional index profiles are specified for each step in

the d i rec t ion  of wave propagation . Shown in Figs . 10-il are plots

of beam wais t  as a func t ion  of the longitudinal distance for various

different incident beam sizes. -

(d) Mode Converters.

There exist many occasions when the presence of high order

modes ra ther  than low order modes is preferred in a multimode

f i b e r .  It is known that nonuniform distribution of dielectric

mater ia l s  with different indices of refraction within a fiber may

cause mode conversion . Taking advantage of this phenomenon , one

may design a low-order-modes to high-order-modes converter using

nonuniform ly distributed dielectrics. For example , one such con-

ver ter may be the fo l lowing  s tructure:

- -

L:- ~~~~
The cross-sec tional index profile may have the following form :

-~.% (I- )

_ ~~~~~~~1

~~~~~ A- A

~
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It is anticipated that the low order modes will be affected more

by the discontinnuities. Thus energy in the low order mode s may

be converted into that of the high order modes as expected. Other

means of generating high order modes using variations of the above

scheme may also be envisioned.

To evaluate the efficiency of this type of mode converter ,

and to learn the intensity distribution of the resultant field ,

the evolution of an incident beam through this channel should be

obtained . We have successfully developed a program which is

capable of providing such information . Illustrative example is

given in Appendix C. It can be seen that ring-shaped higher order

— modes can easily be generated by the introduction of a slight

dip in the index prof i le  as proposed above .

IV. Conclusions and Recommendations for Future Work

We have successfully developed a computational technique ,

based on the scalar wave - FFT method, to treat  problems dealing

with various multimode fiber components , such as , fiber couplers ,

fiber tapers or horns , fiber branches or mode conver ters . The

only significant restriction to keep in mind is that index variations

of the structure under consideration must be gen tle8. This consid-

eration is normally satisfied in most practical situations . The

basic objective of this R ~ D study is , thereby accomp lished. Listing

of the computer program is given in the Appendix. By simply

- — specifying the index profile at each longitudinal z-step and knowing

the initial beam shape , one may generate the propagation characteris-

- 
- t ics  of the beam as it propagates down the structure .

Using this program , we were able to trace the evolution of

- 25 -
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a given beam as it propagates down a given multimode graded index

fiber structure. If the multimode structure were a multimode

coupler made with two or more paralled graded index fibers in close

p r o x i m i t y  of each o ther , we can predict the coupling distances as

well  as the power distribution of the beam in such coupler; if

the structure were a tapered or a flared multimode fiber , we were

able to learn whether a given tapered structure or a given horn

struc ture could still confine or guide a given beam ; if the struc-

ture were a mode converter made with multimode fiber containing

an on-axis dip in its index profile , we can learn the effectiveness

of such a dip in converting lower order modes to higher order modes.

To achieve such capabilities ,’ an extensive amount of computer

sof tware  was developed .

In the course of these studies , a number of important new

research topics were genera ted. For example , it is known that the

FF1 scalar wave approach requires that the index profile be gently

varying . But the quantitative definition of “gently” must still be

specified. (We wish to push our ability to deal with almost step -

index profile fibers.) Ini tial indication (through our computer

results) seem to show that even with rather steep index gradient,

adequately accurate results were still obtainable. This problem

also leads to the need for us to study the possible usage of

adaptive coordinates to improve the beam resolution as it propagates

down the multimode structure . Another problem which is directly

related to the case of induced beam radiation caused by variations

in the gui d ing struc ture is also of great interest. Perhaps the

- 2 6 -
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introduction of a lossy surface for the outer boundary of our

computer mesh may provide a means of estimating the radiation loss.

Associated with beam radiation problem in the case of beam reflec-

tion caused by variations in the guiding structure , the reflec tion

coeff ic ient  may be obtained by correctly summing over incremental

reflection coefficients (i.e., taking into accoun t the phases of

the reflected waves) which occur whenever wave energy propagates from

a region with a certain index value to another region with a different

index value.

With the help of our newly developed program , the principal

thrust  of the future work should be to s tudy rea l i s t i c  multimode

f iber  structures , such as data-bus  type mul t i -channel  couplers ,

tapered or flared transition joints , multimode fibers with non-

ideal parabolic index profiles and to obtain data for these realis-

t ic s i tua t ions.

I
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MISSION.
of

Rome Air Develop ment Center
RAVC pLanó ~zf l d ezecLLte4 M6ea/tdt, deveZopNtn. t, tea t and
oetec-ted acquJA~LtLon p tog-’r.ama Lit 4upp oxt o~ Convntutd, Conttot
Commwti.szat~ono and I tte2Ugenee (C 31) a tLuLtLe~. Te~hn~caZ
and es gAutw2ng 4uppo4t WWLLn axeaa o~ teduti~caZ co~pe-tence
a pxovi4ed -to ESV P/togitam 06f ,i~ea ( P04) and otlwt ESO
e2ement4. TIte pfl2nc2 pat -tecJut~caL nIL44wn dM44 axe
cor1P *Lni~c.a24on6, ete toma~ntti~ guJ4an~e and eontxoZ, awt-
ue-Wance o~ g/wwtd and ae~o6p ace objeeta, Ln.t12L-Lgence da*a
coUeLUon and handUng, 4n~on.ma.t2on iØ.tem tecitnoZogy,
£ono4p ke ’ric~ pt opagat 2on, ~oV4 4-ta te 4cLenc~e4, NttC1tOt~ue
phyo2~~ a and eLeatfLoniJl n a.bLt2tq, nia.Lnta~nabA2Ug and
~~~~~~ Wy.

lJ.h.d $1 .s Al, Pu s.
H...... API Ms... 117)1 
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